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Abstract: We study spontaneous gauge symmetry breaking and the Higgs mechanism
in nonlocal field theories. Motivated by the level truncated action of string field theory, we
consider a class of nonlocal field theories with an exponential factor of the d’Alembertian
attached to the kinetic and mass terms. Modifications of this kind are known to make
mild the UV behavior of loop diagrams and thus have been studied not only in the context
of string theory but also as an alternative approach to quantum gravity. In this paper
we argue that such a nonlocal theory potentially includes a ghost mode near the nonlocal
scale in the particle spectrum of the symmetry broken phase. This is in sharp contrast to
local field theories and would be an obstruction to making a simple nonlocal model a UV
complete theory. We then discuss a possible way out by studying nonlocal theories with
extra symmetries such as gauge symmetries in higher spacetime dimensions.
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1 Introduction
String theory accommodates a fruitful landscape of low-energy effective field theories,
whose understanding is crucial both theoretically and phenomenologically. String field
theory [1, 2] provides a field theoretical approach to the structure of the string landscape.
In particular, various non-perturbative aspects of the open string landscape have been clar-
ified both numerically and analytically based on open string field theory (see, e.g, review
articles [3–6] and references therein).
A lesson from the aforementioned developments is that string field theory may describe
transitions between vacua with completely different particle contents. A famous example is
the phenomenon of open string tachyon condensation: An open string attached to unstable
D-branes contains a tachyon in the spectrum. The tachyon vacuum will then describe a
vacuum where the unstable D-branes decay and disappear [7]. Indeed, open string field
theory explicitly showed that there are no particle excitations in the tachyon vacuum [8, 9].
Such a transition can never be described in ordinary field theories. Then, what makes it
possible for string field theory to describe this drastic transition of vacua? First, string
field theory contains an infinite number of local fields associated with the infinite types
of string excitations. Second, if we write it in terms of local fields, there appear nonlocal
terms. For example, the level 0 sector of open bosonic string field theory [1] is given by
S =
∫
dDx
[
1
2
φ e−

M2 (+ µ2)φ− 1
3
gφ3
]
with µ2 > 0 , (1.1)
where φ is the tachyon field describing the instability of the D-brane and the exponential
factor of the d’Alembertian gives a nonlocality. These two distinctive properties of string
field theory are believed to be crucial when one describes the drastic vacuum transition.
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In this paper we study spontaneous gauge symmetry breaking and the Higgs mecha-
nism in nonlocal field theories, based on the following two motivations: First, in D-brane
model building of particle physics, the recombination process of D-branes provides a natu-
ral realization of the Standard Model Higgs mechanism [10]. It is a highly stringy process,
hence it is desirable if we could follow the whole recombination process in the string field
theory framework. Since the analysis in the full string field theory is rather complicated,
we would like to take a first step towards such a study by clarifying the nonlocal effect men-
tioned above in the Higgs mechanism. Second, the exponential factor of the d’Alembertian
in Eq. (1.1) is known to make mild the UV behavior of loop diagrams and thus has been
studied not only in the context of string theory [11–22] but also as an alternative approach
to quantum field theories and gravity [23–42]. It is therefore interesting to study consis-
tency of nonlocal field theories by themselves. Based on these motivations, we discuss a
class of nonlocal field theories with an exponential factor of the d’Alembertian. We will
find that there appears a drastic change in the particle spectrum of the symmetry broken
phase, similarly to the open string tachyon condensation. In particular, we argue that a
ghost mode may potentially appear near the nonlocal scale and its absence can be used as
a consistency requirement of the theory.
This paper is organized as follows. In section 2, we study the tachyon vacuum of the
nonlocal model (1.1) to illustrate that the nonlocality affects the particle spectrum of the
condensation phase in a significant way. In particular, we show that there appears an
undesired ghost mode near the nonlocal scale in a certain range of the parameter space.
In Sec. 3, we extend the argument to a nonlocal model with an Abelian gauge field and a
complex charged scalar. We find there that the undesired ghost is inevitable in this simple
model as long as we consider the parameter region in which the propagators exhibit a mild
UV behavior. This observation motivates us to raise a question if nonlocal gauge theories
may accommodate a massive gauge boson in a consistent way. In Sec. 4, we demonstrate
that this is indeed possible if the theory has an extra symmetry. As an illustrative example,
we consider a nonlocal Yang-Mills theory with an adjoint Higgs obtained by dimensional
reduction of a nonlocal pure Yang-Mills theory in a higher dimensional spacetime. We
show that the higher dimensional gauge symmetry constrains the form of nonlocality and
consequently the undesired ghost does not show up. We conclude in Sec. 5 with a discussion
of our results. In Appendix, we provide a concrete form of propagators in the Rξ type gauge
of the model used in Sec. 3.
Note added
Recently, Ref. [43] has appeared on arXiv, which discussed spontaneous symmetry breaking
in a nonlocal scalar QED model. The model discussed there is the same as the one we
discuss in Sec. 3, but the conclusion is different. First, Ref. [43] studied the mass spectrum
in the Lorentz gauge rather than the unitary gauge. The mass spectrum obtained this
way is thus not physical. Second, the subtlety associated with new additional poles of the
propagator near the nonlocal scale was not discussed there. As we discuss in Sec. 3, the
additional modes contain a ghost, so that it is a crucial obstruction to making the simple
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nonlocal model a UV complete theory. One of the purposes of our paper is to clarify this
subtlety and explore a possible way out, which is different from the one in Ref. [43].
2 Tachyon condensation and physical spectra
Let us begin with the following nonlocal action for a tachyon field φ:1
S =
∫
d4x
[
1
2
φ e−

M2 (+ µ2)φ− 1
3
gφ3
]
with µ2 > 0 , (2.1)
where the tachyon mass squared is m2tachyon = −µ2 and M is the scale characterizing the
nonlocality (the local limit is µ/M,E/M → 0 with E being the energy scale of interest).
The sign of the exponent is chosen such that the exponential factor induces an exponential
suppression of the Euclidean propagator at high energy, which makes mild the UV behavior
of loop diagrams. More explicitly, the tachyon propagator is given by
Πφ =
[
e
k2
M2 (k2 − µ2)
]−1
, (2.2)
which has a pole at k2 = µ2 = −m2tachyon. Also, it has an exponential factor e−
k2
M2 , which
gives a suppression when k2  M2. Such exponential factors arise generically in string
field theory [3, 22].
The homogeneous tachyon vacuum solution is φtv = µ
2/g, which does not depend on
M . The action for the fluctuation ϕ = φ− φtv around the tachyon vacuum is then
S =
∫
d4x
[
1
2
ϕe−

M2 (+ µ2)ϕ− µ2ϕ2 − 1
3
gϕ3
]
. (2.3)
The propagator of ϕ reads
Πϕ(k) =
[
e
k2
M2 (k2 − µ2) + 2µ2
]−1
. (2.4)
The on-shell condition also follows as
e
k2
M2 (k2 − µ2) + 2µ2 = 0 . (2.5)
Note that its local limit M2 →∞ is given by
(k2 − µ2) + 2µ2 = k2 + µ2 = 0 , (2.6)
which is simply the on-shell condition with a shifted mass squared.
To see how the nonlocality affects the spectrum, let us rewrite Eq. (2.5) as
fλ(x) = e
−λx(x+ 1)− 2 = 0 , (2.7)
1We use the mostly plus metric ηµν = diag(−,+, . . . ,+) throughout the paper. We also follow the
convention of the Feynman rule in Srednicki’s textbook [44].
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Figure 1. Profile of fλ(x) for λ = 0.5 (blue), λ = 0.2 (red), λ = 0 (yellow), and λ = −0.5 (green).
In particular, λ = 0.5 has no real solution to fλ(x) = 0, which implies that there are no physical
particle excitations around the tachyon vacuum. Also, λ = 0.2 has two real solutions. One of the
two solutions has a negative gradient, which implies that the corresponding mode is a ghost.
where we rescaled x = −k2/µ2 and introduced λ = µ2/M2. In this language, the mass m
of the on-shell particle is given by m2 = xµ2 with x being a solution to fλ(x) = 0. As
depicted in Fig. 1, for λ > 0, which is motivated by the sign choice of the exponential
factor mentioned above, the function fλ(x) is bounded from above on the real x axis as
fλ(x) ≤ fλ(λ−1 − 1) = λ−1eλ−1 − 2 . (2.8)
For λ < 0, it is bounded from below instead. Therefore, the number of real solutions to
fλ(x) = 0, i.e., the number of poles of the propagator, depends on the value of λ. Below
let us discuss qualitative properties in the following three branches:
1. λ > λ∗ ' 0.23 (λ∗ is defined through λ−1∗ eλ∗−1 = 2)
In this regime, the function fλ(x) is always negative:
fλ(x) ≤ λ−1eλ−1 − 2 < 0 , (2.9)
so that there are no real solutions to fλ(x) = 0 and the propagator has no poles on
the real k2 axis.2 We may interpret that there are no physical particle excitations
around the tachyon vacuum in this parameter regime. Actually, the same situation
appears in the tachyon vacuum of the level 0 truncated open bosonic string field
theory [45, 46]: In string theory both the nonlocal scale M and the tachyon mass
µ are controlled by the string scale Ms, so that the parameter λ = µ
2/M2 is O(1).
More explicitly, the level 0 truncated action of open string field theory is given by3
S =
∫
d26x
[
1
2
φ e
− ln 27
16

M2s (+M2s )φ−
g
3
φ3
]
, (2.12)
2 Notice however that there exist complex momenta satisfying the on-shell condition, even though their
interpretation is not fully understood yet.
3 In the string field theory context, it is conventional to write the action as
S =
∫
d26x
[
1
2
φ(+M2s )φ− go
3
(
e
ln 3
√
3
4
(

M2s
+1
)
φ
)3]
, (2.10)
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and hence λ = ln 2716 ' 0.52 > λ∗. In this regime, the propagator has no real poles.
In string theory, this situation is interpreted as the disappearance of open string
excitations in the tachyon vacuum due to decay of unstable D-branes [7–9].
2. 0 < λ < λ∗
In this regime, there are two real solutions to fλ(x) = 0, which correspond to two
types of physical particle excitations with the on-shell conditions,
−k2 = m21 and − k2 = m22 with m21 < M2 − µ2 < m22 . (2.13)
Notice here that m21 = µ
2 and m22 =∞ in the local limit M2 →∞. The nonlocality
therefore induce two effects: First, the nonlocality shifts the mass of ϕ from µ2 to m21,
which can be approximated as m21 ' µ2 +
2µ4
M2
in the regime µ2  M2. The other
effect is more drastic. The propagator acquires a new pole at m22 near the nonlocal
scale. Notably, it has a negative residue (see also Fig. 1), which means that the new
pole is a ghost mode! We therefore conclude that a ghost mode inevitably appears
in this parameter regime, in addition to the ordinary mode with a shifted mass.
3. λ < 0
Finally, let us consider the regime λ < 0 (below we replace M2 → −M2 in the
original action). This parameter regime is not necessarily motivated in the sense
that the Euclidean propagator does not have an exponential suppression, but rather
has an exponential growth in the UV regime k2 M2. We however discuss the mass
spectra for completeness. It is easy to see that the propagator in this regime has a
pole at −k2 = m2 (0 < m2 < µ2) with a positive residue. If µ2  M2, the shifted
mass squared is approximated as m2 ' µ2 − 2µ
4
M2
.
To summarize, the nonlocality significantly affects the particle spectrum in the tachyon
vacuum. In the model (2.1) with the sign choice M2 > 0 (which is motivated by the mild
UV behavior of the propagator), we found two types of spectra: (a) there are no physical
particle excitations (λ > λ∗), (b) there appears an undesired ghost mode near the nonlocal
scale (0 < λ < λ∗). In particular, the latter situation will be problematic if we would like
to think of the nonlocal field theory as a UV complete theory, even though there is no
problem as long as we regard it, e.g., as a toy model for string field theory or an effective
field theory with a cutoff below the mass scale of the ghost. In the rest of this paper, we
extend the argument to the Higgs mechanism in nonlocal gauge theories and discuss if it
is possible to have a massive gauge boson in a consistent way.
where go is the open string coupling. The action (2.12) is obtained by the redefinition
φ→ e− ln
3
√
3
4
(

M2s
+1
)
φ , g =
(
3
√
3
4
)3
go . (2.11)
Note that this field redefinition does not change the on-shell structure because the exponential prefactor
does not give rise to any new zero or pole of the d’Alembertian .
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3 Higgs mechanism in a nonlocal Abelian gauge theory
As an illustrative example for the Higgs mechanism in nonlocal field theories, let us first
consider a nonlocal theory of an Abelian gauge field Aµ and a complex charged scalar Φ:
4
S =
∫
d4x
[
−1
4
Fµνe
− 
M2 Fµν − (DµΦ)†e−
D2
M2DµΦ + µ2Φ†e−
D2
M2 Φ− α|Φ|4
]
, (3.1)
where the covariant derivative is Dµ = ∂µ − igAµ. Similarly to the scalar model of the
previous section, we attached the exponential factors so that the propagators of fluctuations
around Φ = Aµ = 0 have the same poles as the local theory and the exponential factor gives
an exponential suppression of propagators for k2  M2. Also the ’s in the exponential
factor of the charged scalar are gauge covariantized. If the scalar has a tachyonic mass
m2tachyon = −µ2 < 0, this model accommodates a one-parameter family of vacua,
〈|Φ|2〉 = v2
2
with v =
µ
α1/2
. (3.2)
Let us choose a vacuum 〈Φ〉 = v√
2
without loss of generality and consider fluctuations
around it:
Φ =
1√
2
[
v + σ(x)
]
eigpi(x) , (3.3)
where pi is the Nambu-Goldstone (NG) mode and σ is the amplitude mode. If we decompose
the gauge field Aµ into the transverse and longitudinal modes as
Aµ = Aµ⊥ +A
µ
‖ with ∂µA
µ
⊥ = 0 , A‖µ =
∂µ∂ν
 A
ν , (3.4)
the second order action in fluctuations reads
S2 =
∫
d4x [Ltrans. + Llong. + Lσ] , (3.5)
where the second order Lagrangians Ltrans., Llong., and Lσ of the three sectors are
Ltrans. = 1
2
A⊥µ
[
e−

M2
(
−m2A
)
+
µ2
M2
m2A
]
Aµ⊥ , (3.6)
Llong. = −m
2
A
2
(
A‖µ − ∂µpi
) [
e−

M2
(
1 +
µ2

)
− µ
2

](
Aµ‖ − ∂µpi
)
, (3.7)
Lσ = 1
2
σ
[
e−

M2
(
+ µ2
)− 3µ2]σ . (3.8)
Here we introduced m2A = g
2v2, which is the mass of the gauge boson in the local theory.
4 For simplicity, we have set the same nonlocal scale for the gauge field and the scalar, and considered a
local |Φ|4 interaction, although our qualitative argument should hold more generally. Also, since covariant
derivatives are non-commutative, the nonlocal action cannot be determined uniquely. For example, we could
covariantize the nonlocal kinetic term of the scalar as −Φ†e− D
2
M2D2Φ instead. We however concentrate on
the model (3.1) as an illustrative example.
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To discuss physical particle spectrum, let us take the unitary gauge pi(x) = 0.5 The
propagators Πtrans.µν , Π
long.
µν , and Πσ of the transverse mode, the longitudinal mode, and the
amplitude mode are then given by
Πtrans.µν (k) =
(
ηµν − kµkν
k2
)[
e
k2
M2 (k2 +m2A)−
µ2
M2
m2A
]−1
, (3.9)
Πlong.µν (k) =
kµkν
k2
1
m2A
[
e
k2
M2
(
1− µ
2
k2
)
+
µ2
k2
]−1
, (3.10)
Πσ(k) =
[
e
k2
M2 (k2 − µ2) + 3µ2
]−1
. (3.11)
Notice that in the limit M2 → ∞, they reproduce the correct unitary gauge propagators
of the local Abelian Higgs model.
The corresponding on-shell conditions may be stated as
αλ,s(x) = βλ(x) = γλ(x) = 0 , (3.12)
αλ,s(x) = e
−λx(x− s) + λs , (3.13)
βλ(x) = e
−λx(1 + x−1)− x−1 , (3.14)
γλ(x) = e
−λx(x+ 1)− 3 , (3.15)
where we rescaled x = −k2/µ2 and introduced λ = µ2/M2 and s = m2A/µ2. Note that
the mass m of the on-shell particle is given by m2 = xµ2 with x being the solution to
Eq. (3.12). We then clarify the pole structure of each propagator.
Amplitude mode The propagator (3.11) of the amplitude mode has essentially the
same structure as the tachyon vacuum propagator (2.4) in the previous section. For this
propagator, the critical value λ∗ is defined through λ−1∗ eλ∗−1 = 3 and approximately given
by λ∗ ' 0.14. When λ > λ∗, the propagator has no poles and thus there are no particle
excitations. If 0 < λ < λ∗, there appears a ghost mode near the nonlocal scale, in addition
to an ordinary particle excitation with a shifted mass squared. For λ < 0,6 there appears
one ordinary particle excitation with a shifted mass squared.
Transverse modes To understand the pole structure of the propagator (3.9) of the
transverse modes, it is convenient to notice that
αλ,s(0) = s(λ− 1) ,
 limx→+∞αλ,s(x) = λs for λ > 0 ,lim
x→−∞αλ,s(x) = λs for λ < 0 .
(3.16)
We then find that there appears one pole with a positive mass squared for λ < 1, whereas
there appears one with a tachyonic mass for λ > 1. It is also easy to see that the residue is
5In Appendix A, we provide a concrete form of propagators in the Rξ type gauge and explicitly check
that the NG boson and the gauge-fixing ghost indeed decouple in the unitary gauge.
6 When we consider λ < 0 in the following, we implicitly assume a positive µ2 and a negative M2, so
that the symmetry is spontaneously broken.
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Figure 2. Profile of αλ,s(x) and βλ(x) for λ = 2.0 (blue), λ = 1.0 (red), λ = 0.5 (yellow), λ = 0
(green) λ = −0.5 (black). Here we set s = 5.
positive for the former, whereas the latter contains two modes with positive residues and
one mode with a negative residue.7 See Fig. 2. Note that this qualitative property does
not depend on s, even though the concrete value of the mass depends on s.
Longitudinal mode Finally, let us look at the propagator (3.10) of the longitudinal
mode. In the local limit M2 →∞ (λ = 0), βλ(x) simply goes to 1, so that the longitudinal
mode has no on-shell excitations as we know. However, the nonlocality significantly affects
the physical spectrum. To understand the pole structure, it is convenient to notice that
βλ(−1) = 1 , βλ(0) = 1− λ ,
 limx→+∞βλ(x) = −x
−1 for λ > 0 ,
lim
x→−∞βλ(x) = −x
−1 for λ < 0 .
(3.17)
We then find that there appears one pole with a positive mass squared for 0 < λ < 1, one
pole with a tachyonic mass for λ > 1, and no poles for λ < 0. Also, the residue of the pole
for 0 < λ < 1 is negative, whereas that for λ > 1 is positive. See Fig. 2
To summarize, the particle spectrum in the symmetry broken phase of the model (3.1)
highly depends on the ratio λ = µ2/M2 of the mass parameter µ and the nonlocal scale M .
As shown in Fig. 3, a ghost mode inevitably appears in the simple nonlocal model (3.1)
as long as we consider a positive λ, which is motivated by the mild UV behavior of the
propagator. It will be a crucial obstruction to making the simple nonlocal model a UV
complete theory. Does it imply that the nonlocal theory cannot accommodate a massive
gauge boson in a consistent way? One way out would be to accept λ < 0 as a possible
solution (even though it requires a positive µ2 and a negative M2) but still one needs to
define the contour of the path integral in an unusual way (not an analytic continuation of
the Euclidean theory). Another possible way out would be to impose some symmetry. To
7 Notice that eigenvalues of the projector ηµν − kµkν
k2
depends on the sign of −k2 = m2: the projector
has three positive modes for −k2 = m2 > 0, whereas it has two positive modes and one negative mode for
−k2 = m2 < 0. This is why the sign of residue is different between λ < 1 and λ > 1, even though the
function αλ,s(x) has the same sign of gradient at the zero.
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Figure 3. Summary of the particle spectrum.
explore the latter possibility, in the next section, we discuss a nonlocal Yang-Mills with an
adjoint Higgs which is obtained after the KK reduction of the nonlocal pure Yang-Mills in
higher dimension. We there demonstrate that it is indeed possible to evade the undesired
ghost even for a positive λ thanks to the gauge symmetry of the higher dimension.
4 Nonlocal Yang-Mills with an adjoint Higgs
As a simple and illustrative example, we consider a dimensional reduction of a nonlocal
extension of the SU(2) Yang-Mills from 6D to 4D. As a 6D nonlocal Yang-Mills, let us
consider the following action:8
S =
∫
d6xTr
[
−1
4
FMN e
− D2
M2 FMN
]
, (4.1)
where M is the non-local scale. The covariant derivative is DM ∗ = ∂M ∗ −ig[AM , ∗ ] and
its square D2 = DMD
M is
D2 ∗ =  ∗ −ig [∂MAM , ∗ ]− 2ig [AM , ∂M ∗ ]− g2 [AM , [AM , ∗ ]] , (4.2)
where ∗ stands for adjoint fields. After dimensional reduction, we obtain a non-local 4D
Yang-Mills with two adjoint scalars:
S =
∫
d4xTr
[
−1
4
Fµν e
− D
2
M2 Fµν − 1
2
DµφI e
− D2
M2DµφI +
g2
4
[φI , φJ ] e
− D2
M2 [φI , φJ ]
]
, (4.3)
where I, J = 4, 5. We emphasize that the exponent is D2 defined by
D2 ∗ =  ∗ −ig [∂µAµ, ∗ ]− 2ig [Aµ, ∂µ ∗ ]− g2 [Aµ, [Aµ, ∗ ]]− g2 [φI , [φI , ∗ ]] , (4.4)
8 Similarly to the Abelian case, there is an ambiguity when covariantizing the derivatives. Even though
we focus on the model (4.1) for illustration, it is straightforward to extend the argument to a general setup
and show that the particle spectrum does not depend on the details of the covariantization scheme.
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rather than the 4D covariant derivative squared,
DµD
µ ∗ =  ∗ −ig [∂µAµ, ∗ ]− 2ig [Aµ, ∂µ ∗ ]− g2 [Aµ, [Aµ, ∗ ]] . (4.5)
Let us then consider fluctuations around a vacuum,
〈φ4〉 = 0 , 〈φ5〉 = vT3 , ϕI = φI − 〈φI〉 (I = 4, 5) , (4.6)
where Ta (a = 1, 2, 3) denotes the SU(2) generators and we use the convention,
[Ta, Tb] = iabcTc , Tr(Ta Tb) = δab . (4.7)
This vacuum spontaneously breaks the SU(2) gauge symmetry to U(1). The second order
action in the fluctuation is
S2 =
∫
d4xTr
[
− 1
4
Fµν e
− D
2
M2 Fµν +
g2
2
[〈φ5〉, Aµ] e−
D2
M2 [〈φ5〉, Aµ]− ig∂µϕ5 e−
D2
M2 [〈φ5〉, Aµ]
− 1
2
∂µϕ4 e
− D2
M2 ∂µϕ4 +
g2
2
[〈φ5〉, ϕ4] e−
D2
M2 [〈φ5〉, ϕ4]− 1
2
∂µϕ5 e
− D2
M2 ∂µϕ5
]
, (4.8)
where we introduced
D2 ∗ = − g2 [〈φ5〉, [〈φ5〉, ∗ ]] . (4.9)
Note that the quadratic terms in Fµν do not contribute to the second order action even
though we used Fµν in the above for notational simplicity.
Nonlocal extension of the Rξ gauge: It is very useful to introduce a gauge fixing
condition that eliminates the mixing of ϕ5 and Aµ in the action (4.8). This is implemented
with a gauge-fixing function,
G =
1√
ξ
(
e−
D2
2M2 ∂µA
µ − igξ e− D
2
2M2 [〈φ5〉, ϕ5]
)
, (4.10)
which reduces to the Rξ gauge in the local limit M
2 →∞. The gauge fixing term modifies
the second order action as
S˜2 =
∫
d4xTr
[
− 1
4
Fµν e
− D
2
M2 Fµν − 1
2ξ
∂µA
µe−
D2
M2 ∂µA
µ +
g2
2
[〈φ5〉, Aµ] e−
D2
M2 [〈φ5〉, Aµ]
− 1
2
∂µϕ4 e
− D2
M2 ∂µϕ4 +
g2
2
[〈φ5〉, ϕ4] e−
D2
M2 [〈φ5〉, ϕ4]
− 1
2
∂µϕ5 e
− D2
M2 ∂µϕ5 +
ξg2
2
[〈φ5〉, ϕ5] e−
D2
M2 [〈φ5〉, ϕ5]
]
, (4.11)
where S˜2 = S2 +
∫
d4xTr[−12G2]. The corresponding quadratic action of the gauge-fixing
ghost c is
S2,ghost =
∫
d4xTr
[
c¯e−
D2
2M2c− ξg2c¯ e− D
2
2M2 [〈φ5〉, [〈φ5〉, c]]
]
, (4.12)
where we omitted cubic and higher order interaction terms between the gauge-fixing ghost
and other fields because they are not relevant to the particle spectrum.
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Propagators: Finally, let us derive the propagators. First, the a = 3 sector is not
affected by the condensate, so that the propagators are
Π(3)µν (k) =
e−
k2
M2
k2
[
ηµν − (1− ξ)kµkν
k2
]
, Π
(3)
I (k) = Π
(3)
c (k) =
e−
k2
M2
k2
, (4.13)
where Π
(a)
µν , Π
(a)
I , and Π
(a)
c are the propagators of gauge fields, ϕI ’s, and the ghosts, respec-
tively. The superscript (a) indicates that the propagator has an SU(2) index a. To obtain
the propagators in the a = 1, 2 sector, it is convenient to note the relation,
[〈φ5〉, [〈φ5〉, Ta]] = v2Ta for a = 1, 2 . (4.14)
It is then easy to find
Π(1,2)µν (k
2) =
e−
k2+m2
M2
k2 +m2
(
ηµν − (1− ξ) kµkν
k2 + ξm2
)
, (4.15)
Π
(1,2)
4 (k
2) =
e−
k2+m2
M2
k2 +m2
, Π
(1,2)
5 (k
2) =
e−
k2+m2
M2
k2 + ξm2
, Π(1,2)c (k
2) =
e−
k2+m2
2M2
k2 + ξm2
, (4.16)
where we introduced m2 = g2v2. The point is that the exponential factors in the propaga-
tors (4.13), (4.15), and (4.16) are factorized, so that the pole structure is the same as the
local case, even though the exponential suppression of the propagators is still there.9
We here emphasize that the factorization of the exponential factors is a consequence
of the 6D gauge symmetry: As long as we consider the 4D Yang-Mills with adjoint scalars,
there is no reason to expect that the same exponential factor appears in all the three
terms of Eq. (4.3). For example, the quartic interactions of the scalar could be local, just
as in the models discussed in the previous sections. Also, the nonlocal scale M in the
exponent could be not exactly the same among the three terms. In this way, the 6D gauge
symmetry naturally realizes the factorization, which evades the undesired ghost mode in
the symmetry broken phase, without spoiling the mild UV behavior of propagators.
5 Conclusion
In this paper we studied spontaneous gauge symmetry breaking and the Higgs mechanism
in a class of nonlocal gauge theories. We found that the nonlocality drastically changes
the particle spectrum in the symmetry broken phase, similarly to the open string tachyon
condensation case. In particular, there may potentially appear an undesirable ghost near
the nonlocal scale. It will be a crucial obstruction to making the simple nonlocal model a
9 One might wonder if a similar factorization may occur even in the scalar example discussed in Sec. 2
by modifying the φ3 interaction as (e−/2M
2
φ)3. However, this theory is reduced to a local one by a field
redefinition e−/2M
2
φ→ φ. A similar argument holds also for the scalar QED example discussed in Sec. 3.
On the other hand, it is not difficult to check that the non-Abelian setup (4.3) cannot be reduced to a
local theory by a field redefinition. Indeed, we can explicitly show that on-shell scattering amplitudes are
different from the local ones and thus the theory is nonlocal.
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UV complete theory, hence absence of such ghosts can be used as a consistency requirement
of the theory. We then demonstrated that it is indeed possible to evade the undesired ghost
by imposing an extra symmetry such as gauge symmetries in higher dimensional spacetime.
There are several future directions worth exploring. First, it is important to extend our
study to the full open string field theory. Even though it seems technically complicated, we
believe that recent progress in the numerical [47–50] and analytic [8, 9, 51–70] construction
of classical solutions will be useful. For example, numerical solutions for bosonic open string
field theory on intersecting D-branes were studied in the level truncation approach [47]. It
would be very nice if we could generalize it to the superstring and discuss the Standard
Model Higgs mechanism in a realistic D-brane setup. It will also be interesting to clarify
how string field theory evades the undesired ghost we encountered in the simple nonlocal
model. In string field theory, there exist infinitely many massive higher spin fields in
addition to light fields. Furthermore, they enjoy an infinite dimensional gauge symmetry
associated with the conformal symmetry of the worldsheet theory [2, 71]. We expect that
this large gauge symmetry plays a crucial role in making the theory healthy. A more
challenging but very important direction will be the construction of an analytic solution
for D-brane recombination. We believe that the general construction in Ref. [67] will shed
new light on this direction. Second, it would be interesting to carry out further studies
of the consistency requirements of nonlocal field theories. The subtlety associated with
the ghost we found in this paper appeared even at the tree-level. It will be important
to investigate a similar issue at the loop-level. We hope to report our progress in these
directions elsewhere.
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A Rξ gauge propagators in nonlocal Abelian gauge theory
In analogy with the Rξ gauge, let us introduce two types of one-parameter families of
gauge-fixing functions:
G =
1√
ξ
[ [
e−

M2
(
1 +
µ2

)
− µ
2

]
∂µA
µ − ξm2Api
]
, (A.1)
G˜ =
1√
ξ
[
∂µA
µ − ξm2A
[
e−

M2
(
1 +
µ2

)
− µ
2

]
pi
]
, (A.2)
both of which reproduce the ordinary Rξ gauge in the local limit M → ∞. The first one
reproduces the unitary gauge in the limit ξ →∞, whereas the second one gives the Lorentz
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gauge in the limit ξ = 0. Below, we derive an explicit form of propagators in each gauge.
Note that we do not discuss the propagators of the transverse modes and the amplitude
mode in this Appendix because they are gauge-invariant and therefore given by Eq. (3.6)
and Eq. (3.8) in any gauge.
The G gauge propagators Let us begin with the gauge (A.1). First, the gauge-fixing
term modifies the Lagrangian of the longitudinal sector as
Llong. − G
2
2
=
1
2ξ
A‖µ
[
e−

M2
(
1 +
µ2

)
− µ
2

] [
e−

M2
(
+ µ2
)− µ2 − ξm2A]Aµ‖
+
m2A
2
pi
[
e−

M2
(
+ µ2
)− µ2 − ξm2A]pi . (A.3)
The propagator of the NG bosons is then
Πpi(k) =
1
m2A
Πξ(k) with Πξ(k) =
[
e
k2
M2 (k2 − µ2) + µ2 + ξm2A
]−1
, (A.4)
where the prefactor 1
m2A
is due to our normalization. The momentum dependent part
Πξ(k) reproduces a scalar propagator with a gauge dependent mass ξm
2
A in the local limit
k2  M2, but its pole structure is modified by the nonlocality in general. In the limit
ξ → ∞, the pole of the propagator disappears and also the propagator vanishes, so that
the NG boson decouples. This is the unitary gauge we discussed in the main text.
On the other hand, the propagator of the longitudinal mode A‖µ is given by
Πlong.µν (k) =
kµkν
k2
f(k2) ξΠξ(k) with f(k
2) = k2
[
e
k2
M2 (k2 − µ2) + µ2
]−1
, (A.5)
which has two types of poles: The first is those of the function Πξ, which have the same
gauge-dependent masses as the NG boson pi. In particular, they disappear in the unitary
gauge ξ →∞. The second type is those arising from the prefactor f(k2). It is simply 1 in
the local limit k2  M2, but the nonlocality brings about additional poles. The poles we
discussed in the main text are these second type of poles.
Finally, we derive the propagator of the gauge-fixing ghost. First, the gauge transfor-
mation of the gauge-fixing function (A.1) reads
δG =
1√
ξ
[
e−

M2
(
+ µ2
)− µ2 − ξm2A]α , (A.6)
where we used
Aµ → Aµ + ∂µα , pi → pi + α . (A.7)
The corresponding ghost Lagrangian is therefore
Lghost = c¯
[
e−

M2
(
+ µ2
)− µ2 − ξm2A] c . (A.8)
The propagator of the ghost is then
Πc(k) = Πξ(k) , (A.9)
which is nothing but the NG boson propagator up to a numerical normalization factor. In
particular, the ghost decouples in the unitary gauge ξ →∞ just as the NG boson does.
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The G˜ gauge propagators We then move on to the second gauge (A.2). In this gauge,
the Lagrangian of the longitudinal sector is modified as
Llong. − G˜
2
2
=
1
2ξ
A‖µ
[
− ξm2Af˜(−)
]
Aµ‖
+
m2A
2
pif˜(−)
[
− ξm2A f˜(−)
]
pi , (A.10)
where the function f˜ is defined by f˜ = 1/f . The propagators of the NG boson and the
longitudinal mode of the gauge boson are
Π˜pi(k) =
1
m2A
f(k2)Π˜ξ(k) , Π˜
long.
µν =
kµkν
k2
ξ Π˜ξ(k) , (A.11)
where we introduced
Π˜ξ(k) =
1
k2 + ξm2Af˜(k
2)
. (A.12)
We then derive the propagator of the gauge-fixing ghost. First, the gauge transformation
of the gauge-fixing function (A.2) reads
δG˜ =
1√
ξ
[
− ξm2Af˜(−)
]
α , (A.13)
so that the corresponding ghost Lagrangian is
Lghost = c¯
[
− ξm2Af˜(−)
]
c . (A.14)
The propagator of the ghost is then
Π˜c(k) = Π˜ξ(k) . (A.15)
As we mentioned earlier, the Lorentz gauge corresponds to the limit ξ = 0. In the Lorentz
gauge ξ = 0, we find that Π˜ξ(k) and therefore the ghost propagator Π˜c(k) reduce to
a massless propagator. The NG boson propagator Π˜pi is a massless propagator with a
momentum-dependent factor f(k2), which gives rise to extra poles in addition to the mass-
less pole. Also the propagator Π˜long.µν of the longitudinal mode vanishes.
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